The emerging field of RNA nanotechnology seeks to create nanoscale 3D machines by 30 repurposing natural RNA modules, but successes have been limited to symmetric 31 assemblies of single repeating motifs. We present RNAMake, a suite that automates 32 design of RNA molecules with complex 3D folds. We first challenged RNAMake with the 33 paradigmatic problem of aligning a tetraloop and sequence-distal receptor, previously 34 only solved via symmetry. Single-nucleotide-resolution chemical mapping, native gel 35 electrophoresis, and solution x-ray scattering confirmed that 11 of the 16 'miniTTR' 36 designs successfully achieved clothespin-like folds. A 2.55 Å diffraction-resolution crystal 37 structure of one design verified formation of the target asymmetric nanostructure, with 38 large sections achieving near-atomic accuracy (< 2.0 Å). Finally, RNAMake designed 39 asymmetric segments to tether the 16S and 23S rRNAs together into a synthetic single-40 stranded ribosome that remains uncleaved by ribonucleases and supports life in 41 Escherichia coli, a challenge previously requiring several rounds of trial-and-error.
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Chemical Mapping of MiniTTRs to Probe TTR Formation.
147
To probe the structures of the miniTTR designs generated by RNAMake, we first 148 performed selective 2'-hydroxyl acylation analyzed by primer extension (SHAPE) and 149 quantitative chemical mapping with dimethyl sulfate (DMS) (SI Figure 1) (32) . For all 16 150 designs, we compared the SHAPE and DMS reactivity of each miniTTR RNA to its 151 respective secondary structure. Of the 1386 nucleotides in the sixteen miniTTR 152 constructs, 1367 (98.7%) were either reactive at target unpaired regions or protected at 153 target helical residues, supporting the predicted secondary structures. All 19 outliers 154 occurred at helix edges (i.e., flanking base pairs of motifs, SI Table 3 ). These data 155 supported the formation of the expected secondary structures for all miniTTR designs 156 (SI Figure 1 ).
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DMS reactivity upon addition of 10 mM Mg 2+ , indicating that the TTR interaction did not 173 form.
(36). The miniTTR designs exhibited midpoints ranging from 0.12 to 7.0 mM Mg 2+ (SI Table 4 ). The most stable designs were miniTTR 2 (Figure 2e and 2f) and miniTTR 6
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As the most stringent test of the RNAMake design algorithm, we sought to compare our 225 modeled structures to atomic-resolution experimental structures. After targeting several atomic-level reconstruction. The SAXS profile predicted from these coordinates agreed 256 After RNAMake's success in the miniTTR structure design challenge, we sought to 257 assess the algorithm's ability to design molecules for function in a complex biological 258 context. As a proof of concept, we designed RNA segments to tether the ribosome. The 259 ribosome is a ribonucleoprotein machine dominated by two extensive RNA subunits.
260
Previously we described the first successful construction of a ribosome with covalently 261 tethered subunits that could support bacterial growth even in the absence of wild type 262 ribosomes (23). In that work, several iterations of design were necessary to identify RNA 263 tethers that support life in E. coli and were not cleaved by ribonucleases in vivo.
265
Here, we used RNAMake to computationally design RNA segments that tether the 50S 266 and 30S ribosomal subunits together (SI Figure 5 ). The tethers were built between the 267 H101 helix on the 50S subunit and the h44 helix on the 30S subunit (H101_h44_Tether), 268 similar to the previous Ribo-T design (23). We designed nine unique constructs with 269 RNAMake (Figure 5b 
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(3) pair-to-base-pair RMSDs based on quaternions (50), but these were not tested in the 449 current study.
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The second term in the cost function (1) 
